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IntroductIon
Ecological effects of extreme weather events such as summer heat waves (Barriopedro et al. 2011) , hurricanes (Gaillard et al. 2003) , droughts (Garel et al. 2004) , and flooding (Rouse et al. 1997 ) are expected to increase with global warming. This may threaten the long-term persistence of populations, particularly at the edge of the species range (Easterling et al. 2000 , Parmesan 2000 . Our knowledge remains rudimentary about the extent to which different ecosystems v www.esajournals.org LOE ET AL. (Knapp et al. 2008 ) and taxonomic groups ( Parmesan 2006) can cope with such extreme events. Although evolutionary adaptations to climate warming have been documented across a range of taxa (Franks et al. 2014, Schilthuizen and Kellermann 2014) , there is considerable concern about whether or not the pace of in situ evolutionary adaptations are sufficiently rapid (Parmesan 2006) . Phenotypic plasticity can potentially compensate for slow evolutionary change (Boutin and Lane 2014) , yet studies investigating the potential for behavioral adaptations to buffer extreme events are still rare, despite being encouraged for nearly a decade (Parmesan 2006) .
Global warming is particularly pronounced in the Arctic, a trend which is predicted to continue (IPCC 2013) . Here, one consequence of warmer winters is the increased frequency of mild spells and rain-on-snow events (Putkonen and Roe 2003 , Shabbar and Bonsal 2003 , Rennert et al. 2009 ). These extreme weather events cause formation of ice layers in the snow-pack or ground-fast ice with far reaching ecosystem consequences (Ims and Fuglei 2005 , Gilg et al. 2009 , Hansen et al. 2013 . In particular, the formation of thick ice layers accentuates the winter food shortage for large herbivores, resulting in starvation-related dieoffs and reduced fecundity (Gunn et al. 1989 , Solberg et al. 2001 , Forchhammer et al. 2002 , Hansen et al. 2011 , Stien et al. 2012 . Warm spells and rainon-snow events are often linked to large-scale weather systems and may result in spatially extensive ice formation (Rennert et al. 2009 , Bartsch et al. 2010 . However, local icing events are most common (Wilson et al. 2013 ) and patches of food may be accessible within the movement range of large herbivores also during large-scale events. A key question for understanding and predicting consequences of climate change is therefore to what degree Arctic ungulates are able to buffer these increasingly common icing events through behavioral plasticity.
The inherent rarity of extreme weather events may explain the general lack of studies addressing the buffering potential of behavioral adaptations. Only a limited number of studies, mainly of birds (Burger and Shisler 1980 , Burger 1982 , Figuerola 2007 , Santoro et al. 2013 , have investigated how extreme weather events push individuals out of their original habitat. Similarly, we have previously shown that Svalbard reindeer (Rangifer tarandus platyrhynchus) may display exploratory ranging behavior and move out of their home range when faced with icing (Stien et al. 2010) . To the best of our knowledge, however, no studies of any species have examined the consequences of such emigration events, a necessity for identifying behavioral buffering of extreme weather events through movement decisions. Here, we investigate whether wild Svalbard reindeer are able to track landscape-scale variation in ground icing and fitness correlates (reproduction and survival) caused by extreme weather events related to winter climate warming.
Methods

Study area and model species
The study was conducted in Nordenskiöldland (78° N, 15° E), Svalbard. The study area (~150 km 2 ) is dominated by two large valleys: Colesdalen in the northwest (NW area) and Reindalen in the southeast (SE area), located approximately 20 km apart. The main valleys are interconnected by several smaller valleys, all with higher elevation passes with little or no accessible food in winter. Annual winter weather fluctuations on Svalbard are large. While most winters are virtually without rainon-snow events, others are characterized by warm spells, heavy rainfall and extensive icing, causing reduced survival (Solberg et al. 2001) , fecundity (Stien et al. 2012) , and population growth in Svalbard reindeer (Kohler and Aanes 2004 , Hansen et al. 2011 , 2013 . Svalbard reindeer are non-territorial and movement is therefore unlikely to be affected by social barriers. They do not migrate long distances (Tyler and Øritsland 1989) and movement decisions are likely taken at the individual level as Svalbard reindeer occur alone or in small groups (Tyler 1987 , Loe et al. 2006 . Predation is negligible (only a handful of observations; Derocher et al. 2000) and no interspecific foraging competition (with other large herbivores) or insect harassment occur. Selection of forage is likely to be a main behavioral driver in movement decisions aside from range use during calving in the first 2 weeks of June (Tyler 1987 , Skogland 1989 and rut in October (Skogland 1989 ). The population size of females increased steadily over the course of the study (Lee et al. 2015) . 
Spatiotemporal variation in snow and ice
Air temperature and precipitation data used to quantify the amount of rain-on-snow in winter (November-April) were measured at Svalbard airport (~20 km from the study area) by the Norwegian Meteorological Institute (www.eklima.no). Rain-on-snow is defined as the amount of precipitation falling when air temperature exceeds 0°C between 1 November and 30 April.
Ground temperature loggers (ibuttons DS1921G; Maxim Integrated, San Jose, California, USA) were placed in the soil surface in ridge (Salix polaris) and sub-ridge vegetation (Luzula confusa or Poa sp.) at 128 locations throughout the study area. Ridge and sub-ridge vegetation types were selected because they constitute the main feeding habitat for reindeer in winter (Hansen et al. 2010) . Each logger recorded soil surface temperature every sixth hour throughout the year. Periods in winter when ground temperature is equal to or exceeds zero lead to melting and ground ice formation when temperature subsequently drops. Adjacent to the 128 sites, we excavated snow pits with snow shovels and axes one time per year in February and/or April and measured snow depth and ground ice thickness to the nearest 0.5 cm. We used the mean ice thickness per year and area (SE and NW) as our measure for annual and spatial variation in ground ice formation. The rationale of this setup is that the continuous monitoring of ground temperature will detect periods of melting and refreezing while the field measurements of ground ice is used to calculate annual and spatial variation in icing.
Reindeer data
Between April 2009 and April 2013, 41 adult Svalbard reindeer females were fitted with storeon-board GPS-collars (Vectronic Aerospace, Berlin, Germany). Together they contribute 102 individual years. The GPS-marked individuals are a subsample of a much larger population of female reindeer captured each year using a net from a pair of snowmobiles and weighed to the nearest 0.5 kg (Omsjø et al. 2009 ). All animals were of known age having been marked with conventional ear tags and plastic collars at 10 months of age as part of a capture-mark-recapture study (Lee et al. 2015) . The mean age of GPS-marked females was 6.8 yr (range: 3-11). GPS data were downloaded during recapture events in February and/or April from 2010 to 2014. All locations obtained during the capture periods were removed. GPS-collars recorded a location every second hour. We used bihourly step length (in meters) as a measure of movement rate.
For each animal-year, we calculated the net displacement (ND) curve from 1 July in year t to 1 July in year t + 1 using the function ltraj in the R package "adehabitat" (Calenge 2006 ). We classified movement phenotypes as either "stationary" or "mobile" following the methodology of Bunnefeld et al. (2011) , modified by Bischof et al. (2012) . This approach fits different functions to the profile of the net-squared displacement (NSD) of sequential relocations from the origin, including logistic, double logistic, and intercept-only models. The ND pattern of individuals defined as "mobile" (with range displacement in winter) had the best fit to either a logistic function, as it moved away from summer site in spring and stayed in one winter area for an extended period of time (without return to the original range within the observed time period), or double logistic curve (hat-shaped) if the deer returned to the original summer site next spring (see Appendix S1). Stationary individuals had the best fit to an intercept-only model, as the NSD did not change over time (they stayed close to the origin). Automatic designations of phenotype ("stationary" or "mobile") were confirmed, and when necessary, adjusted by inspecting plots of spatial relocation pattern (Bischof et al. 2012 ; Appendix S1). For the "mobile" phenotype, departure locations were defined as the last coordinate prior to, and arrival locations as the first coordinate after, the transition period. The transition period was defined as the date of the inflection point ±2.5 times the scale value of the logistic curve (Bischof et al. 2012 ; Appendix S1). If departure and arrival location were situated in different areas (NW and SE), this was termed "displacement."
In August each year, field personnel on foot conducted a population survey. The reproductive status of marked females (i.e., calf at heel or not) was observed and their spatial location was recorded. Similarly, the spatial location of carcasses of all age and both sexes (both marked and unmarked) were recorded. Carcasses from the preceding winter are normally detectable from long distances as distinct patches of white v www.esajournals.org LOE ET AL.
fur contrasting the color of rocks and vegetation. Carcasses from previous years are normally at a more advanced stage of decomposition. Annual carcass numbers (of marked and unmarked individuals) and proportion of adult (>2 yr old) marked females with calf was calculated for each area and used as proxies for spatial contrasts in fitness. Carcass numbers were standardized (to mean = 0, variance = 1) separately for each area, and positive values represent higher mortality while negative values represent lower area-specific mortality than normal for the time period 1995-2014.
Statistical analyses
Area differences in ground ice thickness and snow depth (continuous response variables) were analyzed using linear models (LM) with sampling month (February or April) and area (SE or NW) as two-level categorical predictor variables.
Generalized additive mixed models (GAMM; Wood 2006), fitted with the function "gamm" in the R-package "mgcv" were used to analyze temporal variation in movement. Models were fitted separately for each winter, using a log link function and a gamma error distribution (Stien et al. 2010) . Movement rate of the GPS-marked reindeer was used as a continuous response variable. Days since 15 October, fitted as a spline function, was used as the single predictor variable. Individual was fitted as a random intercept to account for individual variation in mean step length. We defined a winter to last from 15 October to 1 May in the following calendar year, and used the notation "winter 2009/2010" to refer to the winter lasting from 15 October 2009 to 1 May 2010.
The probability of individual reindeer being classified as "mobile" vs. stationary in response to icing was analyzed with a logistic mixed model using the function "glmer" in the R-package "lme4" (Bates et al. 2014) . Movement category (mobile = 1, stationary = 0) was fitted as a binomially response variable, and annual ice classification (ice: winter 2009/2010 and 2011/2012; no ice: remaining years) and area (NW or SE) as a two-level factorial predictor variables. Individual was fitted as a random intercept to account for repeated decisions for the same individuals across years. To test individual flexibility in movement strategy between consecutive icy and non-icy winters, we ran a chi-square test on a 2 × 2 contingency table of movement phenotype and ice condition.
To relate timing of range displacement to timing of icing events, we used time-to-event models (Hosmer et al. 2008) . We first ran a model to investigate if the overall potential of displacement was associated with ground temperature in winter. In this analysis, we included both stationary and mobile individuals in all years of study. All individuals had one entry per day; zero if no displacement occurred on that day, and 1 if a displacement event occurred. For mobile individuals, entries after the date of the displacement event were removed. Stationary individuals had only zero entries up to 1 May. In these analyses, ground temperature was used as a continuous predictor variable. The second analysis attempted to investigate if there was a direct response or a delay between ground temperature warm spells in mid-winter and displacement events. In these analyses, only individuals classified as mobile in icy winters were included. Individual data was organized in the same way as in the first analysis (zeros leading up to a 1 identifying the day of displacement), but ground temperature was treated differently. We defined the date in mid-winter (after December) with the highest proportion of ground temperature loggers ≥0°C, to be the center date of each winters mild spell event. We fitted six models for each predictor, where the period of the event was coded 1, and remaining days coded 0: the week centered on the mild spell, the week before, the week after, the two weeks centered on the event, the two weeks before, and the two weeks after. Models with finer or coarser temporal resolution failed because too few or too many of the displacement events, respectively, coincided with the events, causing singularity. The fit of the models were compared based on the log likelihood.
Area-specific winter body mass loss was estimated from all marked individuals captured in the same area both in February and in April the same year, in one icy winter (2009/2010) and one non-icy winter (2010/2011), the two years when biannual captures were conducted. In a linear mixed model, body mass was used as response variable, age (fitted as a quadratic term), month (February and April), area (SE and NW), and the Differences in calf/female ratio and standardized carcass numbers in departure and arrival areas (SE and NW) were analyzed using paired t-tests. Calf/female ratio was never close to the boundaries (0 and 100%) and was in addition arcsine square root transformed to meet the criteria of normality. All analyses were conducted in R version 3.2.0 (R Core Team 2015).
results
Spatiotemporal variation in icing
In two of the five winters (2009/2010 and 2011/2012) , a large proportion of the precipitation fell as rain-on-snow (Fig. 1A) . While a thick ground ice layer covered most of the vegetation in these two winters, ground ice was virtually absent in the remaining three study winters (2010/2011, 2012/2013, and 2013/2014 ; Fig. 1B) . In icy winters, mean ice thickness was higher in the SE area (5.2 ± 0.26 cm) than in the NW area (3.6 ± 0.27 cm; P < 0.001; Fig. 1B ; see Appendix S1: Fig. S4 for the spatial pattern of icing). Snow depth was less variable among years but on average thicker in the SE area (35 ± 1.2 cm) than NW (19 ± 1 cm; P < 0.001).
Movement responses to the ground ice gradient
Bihourly movement rates of GPS-marked reindeer declined from mid-October to January in all winters ( Fig. 2A) . In all three non-icy winters, movement rates remained low from December to April. In contrast, in the icy winters reindeer increased their movement rate in mid-winter ( Fig. 2A, B) .
Accounting for repeated observations of individuals, the odds of being classified as " mobile" was 55 times higher in icy winters compared to non-icy winters (log odds ratio = 4.0, SE = 1.2, P < 0.001) and was 25 times higher in the SE area than in NW (log odds ratio = 3.4, SE = 1.1, P = 0.002). The displacement potential was positively affected by ground temperature (time-to-event analysis: estimate = 0.459, SE = 0.112, z = 4.1, P < 0.001) and was highest in the 2-week-period following the peak in ground temperature ( Table 1 ), suggesting that reindeer moved as a response to refreezing of the ground. In icy winters, 80% (n = 16) of individuals in the SE area moved to the NW area (Figs. 1C and 3A) . The relocation was temporary as nearly all of the individuals that left SE had returned by next August (93%). Between consecutive years, 40% of individuals switched their movement strategy between "mobile" in icy years and remaining stationary in non-icy years. In contrast, no individuals switched strategy in the opposite direction (χ 2 = 19, df = 1, P < 0.001). Other individuals did not change strategy, that is, they remained stationary (41%) or were always "mobile" (19%).
Spatial variation in fitness components
There was a temporal correlation of all fitness proxies between the SE and NW area in the study period (body mass: r = 0.89, P = 0.04); calf/female ratio: r = 0.85, P = 0.07; carcass numbers: r = 0.98, P = 0.002; Fig. 1D-F) . However, all fitness components suggested spatial differences related to icing.
First, April body mass was always higher in the NW area in icy winters and in the SE area in non-icy winters (Fig. 1D ). In the two study years when winter body mass loss could be estimated, individuals in the most icy area (SE) were already 3.6 kg lighter than NW individuals in February (effect size of area in February = −3.6 [95% CI: −6.1, −1.0]), and the body mass difference doubled from February to April (Fig. 4 ; effect size of month × area interaction = −3.5 [95% CI: −5.6, −1.3]). Notably, the body mass pattern was reversed in the following non-icy winter, with individuals in SE being 4 kg heavier than in NW both in February and April ( Fig. 4; be caused by a reduction in population size and thus competition in the SE area after icing events (Appendix S1: Fig. S5 ). In the smaller subset of GPS-marked animals, where spatial strategy could be determined, April body mass differences between SE and NW were similar to the larger sample of all marked deer, both in icy and nonicy winters (Appendix S1: Fig. S6 ). In addition, GPS-marked individuals moving from SE to NW in icy winters had April body mass comparable to stationary GPS-marked individuals in NW (Appendix S1: Fig. S6 ), suggesting that range displacement reduced body mass loss.
Second, the proportion of adult females with calf was markedly higher in NW than in SE in the summers following icy winters (Fig. 1E) . Thus, as displaced individuals almost exclusively moved from SE to NW, there was a substantial difference in population-level calf/female ratio between the departure and arrival locations (t = 3.3, df = 11, P = 0.008; Fig. 5) . The difference between the two areas was much smaller or even with opposite sign after non-icy winters (Fig. 1E) .
Third, carcass numbers after icy winters were higher in SE than in NW (Fig. 1F) , and the standardized carcass numbers were, hence, on (2009/2010 and 2011/2012 ) and the three non-icy winters (data pooled), (B) the daily proportion of temperature loggers measuring temperature above freezing in five winters (2009/2010 to 2013/2014) , and (C) a kernel density plot of range displacement events by date. Blue (2009 Blue ( -2010 Blue ( ) and green (2011 Blue ( -2012 lines represent values in the icy winters, while black is used commonly for all three non-icy winters. Vertical dotted lines represent the date for the peak mid-winter mild spells in each of the two icy winters, indicating onset of refreezing.
v www.esajournals.org LOE ET AL. average higher in departure than arrival locations for relocating individuals (t = 5.3, df = 11, P < 0.001; Fig. 5 ). There was no area difference in carcass numbers in non-icy winters (Fig. 1F) . The higher mortality in the second compared to the first icy winter (Fig. 1B) corresponds with the observed difference in ice thickness (Fig. 1F) .
dIscussIon
Organisms may respond to climate change by both evolutionary adaptations and phenotypic plasticity (Parmesan 2006, Boutin and Lane 2014) . While evolutionary adaptation in animals with long generation times is not likely to keep pace with the ongoing rapid warming of the Arctic (Parmesan 2006) , our study demonstrates that Arctic ungulates are capable of behaviorally buffering climate related changes in their habitat. Individual variation in the spatial response to extreme weather events may have important implications for variation in fitness. Icing events triggered an immediate increase in Svalbard reindeer movement rates with displacement toward less icy ranges with less severe feeding conditions, lower body mass loss, lower mortality index, and higher fecundity. Since the vast majority of individuals in the more icy range displaced and successfully tracked these gradients, our results suggest that behavioral buffering of such extreme events may counteract population decline following critical winters. However, it is also important to acknowledge the strong annual correlation in all fitness proxies between the good and bad winter range, suggesting that the spatial heterogeneity in the climate impacts is too small for full behavioral compensation.
There is a general lack of studies addressing the buffering potential of behavioral adaptations. Extreme events are likely to change animals' behavior and range use, such as in the laughing gull Larus atricilla (Burger and Shisler 1980) and black skimmers Rynchops niger (Burger 1982) , where both species changed breeding grounds following a year with flooding and unsuccessful breeding. Likewise, it has recently been suggested that droughts are the main driver of long-distance dispersal in Glossy ibis Plegadis falcinellus (Santoro et al. 2013 ) and black-winged stilts Himantopus himantopus (Figuerola 2007) . To the best of our knowledge, only two studies demonstrate similar patterns in mammals. Juvenile northern fur seal (Callorhinus ursinus) responded to Arctic storms by immediate dispersal (Lea et al. 2009 ) and in a previous study, we demonstrated that the usually sedentary Svalbard reindeer moved out of their home range as a response to icing (Stien et al. 2010) . While the aforementioned studies have demonstrated that extreme events push individuals out of their original habitat, our study is the first to link movement decisions to fitness correlates, which is required for understanding and predicting both individual and population-level consequences of behavioral buffering.
The impact of animal range use on fitness components provides an important link between individual behavior and population dynamics (Gaillard et al. 2010) . The ideal-free distribution (IFD) theory (Fretwell and Lucas 1970 ) is a common theoretical framework to address this. Fig. 2B ). Only individuals with displacement were included and only for the two icy winters (2009-2010 and 2011-2012) .
‡ The model with the highest likelihood is presented in bold.
v www.esajournals.org LOE ET AL. Fig. 3 . Movement of GPS-marked reindeer for all four combination of winter condition (icy vs. non-icy winters) and movement strategy ("mobile" vs. stationary). For "mobile" individuals, departure locations (red dot) is defined as the last position occupied before winter movement, and arrival location (blue circles) is the first location recorded after ending winter movement. Black lines connect the departure and arrival location of each individual. For stationary individuals, start and end dates are defined as the locations used on the median departure and arrival dates for "mobile" individuals in the same observation year. Note that displacement occurs over longer distances and is more systematically occurring in icy winters (A) compared to non-icy winters (C). The dashed black lines show the separation between SE and NW area corresponding approximately to the three movement corridors between the two areas.
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Even in habitat with more predictable distribution of resources, deviations from IFD are common (Gaillard et al. 2010 ) and several studies of temperate large herbivores have thus repeatedly rejected the IFD model, including studies of red deer Cervus elaphus (McLoughlin et al. 2006) , roe deer Capreolus capreolus (Pettorelli et al. 2001) , and Soay sheep Ovis aries (Jones et al. 2006 ). Deviation from a perfect IFD is expected (Arlt and Part 2007, DeCesare et al. 2014) , particularly in stochastic environments (Gaillard et al. 2010 ). In our study, 20% of the GPS-marked female reindeer deviated from IFD by remaining stationary in the area with the most severe feeding conditions during icy winters. Accordingly, they faced greater body mass loss and reduced populationlevel vital rates compared with the less icy area. More surprisingly, however, was the higher body mass in the SE area in non-icy winters, suggesting spatiotemporal fluctuations in the deviation from IFD also in non-icy winters. In Svalbard reindeer, range displacement is a flexible strategy that varies between individuals and according to conditions (see also Hansen et al. 2010 ). Yet, this study suggests that limited range perception (Gray and Kennedy 1994, Lima and Zollner 1996) and a temporal lag or inertia in movement strategies (Jackson et al. 2004) contribute to a suboptimal distribution of animals across the landscape. Thus, a quarter of the individuals that displaced in the first icy winter repeated their strategy in the subsequent non-icy winter, thereby contributing to increased competition and reduced vital rates compared with their departure range (Appendix S1: Fig. S5 ; Bonenfant et al. 2009 ). However, the spatial differences in body mass in non-icy winters were not accompanied by substantial differences in calf ratio or mortality implying that individuals in both areas were above the body mass threshold for successful survival (Gaillard et al. 2000) and reproduction (Festa-Bianchet et al. 1998) .
Ecological effects of extreme weather events are a growing concern in the face of global warming (Easterling et al. 2000 , Smith 2011 , Diffenbaugh et al. 2013 , and may be just as important as effects related to long-term trends (Parmesan 2000) . Although populations of long-lived animals and plants have a higher ability to buffer climatic variability than short-lived ones (Morris et al. 2008) , long generation time is a hindrance for rapid evolutionary adaptation to entirely new climate regimes (Berteaux et al. 2004 , Parmesan 2006 . Our study has demonstrated that by temporarily relocating to better habitat, individuals may increase their chances of survival and reproduction, suggesting adaptive buffering behavior. This may suggest that behavioral buffering is an understudied mechanism that can potentially mitigate the negative effects of climate change and extreme events on the population dynamics of long-lived species. 
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